Abstract. A review of the modeling of biogas production from anaerobic digesters is first conducted. A three-dimensional numerical simulation model that predicts biogas production from a plug-flow anaerobic digester is developed. The model is based on the principles of continuity, energy, and species transport. A first-order kinetic model is used to predict the chemical reactions and BOD (Biological Oxygen Demand) 
Introduction
Anaerobic digestion of cow or swine manure is a source of renewable energy. The anaerobic digestion process reduces the solid content of the influent and produces less offensive odors. The process involves transformation of the organic compounds, by microorganisms, into microbial biomass and other simpler compounds, eventually releasing water, carbon dioxide, and methane.
Biogas production using anaerobic digesters has been experimentally and theoretically studied since the 1960s (Buswell and Mueller, 1962) . Biogas production models have evolved from simple models (Jewell, 1978; Chen and Hashimoto, 1978; Westerman, 1992, 1994 solids concentration, bacterial growth rate at fixed digester temperature, digester volume, and daily flow rate of manure influent. However, these models are one-dimensional (the spatial parameters are not taken into consideration), and it is known that biogas production is sensitive to digester temperature, pH of the liquid manure, and non-uniformity of flow pattern of liquid manure inside the digester. In previous studies (Hashimoto et al., 1981; Westerman, 1992, 1994; Scott and Minott, 2002) , these parameters were assumed to be constants. To our knowledge, no three-dimensional numerical simulation model that predicts biogas production from local flow conditions for mixing-flow and plug-flow type digesters has been reported.
Objectives:
The objectives of this study are to:
(1) conduct a comprehensive literature review on modeling biogas production from anaerobic digestion,
(1) develop a general and fundamentally-based three-dimensional numerical model that predicts biogas production from plug-flow type digesters, and 4 (2) validate the model predictions against experimental data obtained from the literature. Buswell and Mueller (1962) developed a model that predicts methane production from chemical composition of degradable waste. The model is expressed as
Literature Review
where,
CH is methane, a, b, and n are dimensionless coefficients. Jewell (1978) developed an empirical model for biogas production for a plug-flow digester and is expressed as
where, 0 
The m µ value was calculated from (Hashimoto et al., 1981) 0.013* 0.129
where, T is digester temperature ( C 0 ).
Bryant (1979) studied microbial methane production. He investigated the relationships of three general metabolic groups of bacteria or stages of fermentation involved in methane fermentation.
The three metabolic groups of bacteria include: first-stage-fermentative bacteria, second-stage-2 H -producing acetogenic bacteria, and stoichiometry and kinetics of fermentation. Hill (1982a Hill ( , 1982b Hill ( , and 1982c ) performed computer analysis of microbial kinetics of methane fermentation to show: (a) maximum volumetric methane production, and (b) maximum total daily methane production to design the continuous flow anaerobic digester. He analyzed methane fermentation kinetics to produce a set of optimized design criteria for steady-state digestion, and developed a dynamic computer model to predict digester operating conditions (i.e., retention time, loading rate, and temperature) for four major animal types (dairy, poultry, swine, and beef). Hashimoto (1984) experimentally determined the K parameter specific for swine manure. Later, Hashimoto et al. (1994) discussed about commercializing the technology of methane production from animal waste, and described the design and construction of a centralized anaerobic digestion facility that converts dairy manure into electrical energy and fertilizer. 
where, CH 4 = mass of methane emission (mg), and t is time (hours). 
where, BG is biogas production per day (kg/day), HRT is hydraulic retention time (days), 0 C is influent total volatile solids (
T is 273.2 K, and 0 T is constant temperature at which the digester is operated. The total substrate degradation, )
, is determined from
where, K is Hashimoto's ideal plug flow constant (1.26), m u is bacterial growth rate and is determined by equation ( 
Model Development
Biogas production in an anaerobic digester is a chemical reaction process, which is governed by mass and momentum conservations, turbulence, energy balance, species transport, and chemical reactions. Because anaerobic digestion is dependent on process flow parameters and temperatures, prediction of temperature and flow variables is an important component that cannot often be neglected by assume bulk conditions prevail. This model was developed based on the following assumptions:
• Heat flow and species transport through the digester are 3-D steady state.
• The model is limited to plug-flow anaerobic digesters where fluid flow is very low.
Thus, momentum and turbulence are considered to be negligible.
• The digester cover, walls, and floor are adiabatic.
• The liquid manure is assumed to be Newtonian fluid.
• The manure temperature is constant at 32 C 0 before species reaction.
• Species reaction takes place only in one step, i.e., reactants can be directly converted into products without intermediate products.
• The percentage remaining of reactant (
) is 80% after reaction.
• Biogas production doesn't affect the transport of manure as it rises to the surface.
Mass Conservation Equation
The equation for conservation of mass, or continuity equation, is expressed as
where, t is time, ρ is density of mixture, and i u (and j u shown in the equation below) is velocity in tense form.
Energy Equation
The energy equation is of the form (Patankar, 1980): (17) where, h is sensible enthalpy, and is defined for ideal gases as 
Species Transport Equations
The species transport equations in liquid manure can be written in general form as (Patankar, 1980) : (22) where, i Y is mass fraction of each species, i R is reaction rate (rate of production of species i), and i J r is diffusion flux of species i due to concentration gradients.
For mass diffusion in laminar flow, i J r is computed as
where, m i D , is diffusion coefficient for species i in the mixture.
Chemical Reaction Equations
The initial conversion of raw waste to soluble organics can be expressed as (Chang, 2004) : (24) In this study, the methane production was simplified by converting 
Modeling Reaction Rate
The reaction rate can be computed either by Arrhenius rate expressions or by using the eddydissipation concept of Magnussen and Hjertager (1976) . The reaction rate is computed using the 
For an eddy-dissipation model that deals with turbulence-chemistry interaction, i R is given by the smaller of the two expressions given below: (29) where, P Y is mass fraction of any product species P, R Y is mass fraction of a particular reactant R, A is an empirical constant equal to 4.0, B is an empirical constant equal to 0.5, 
CFD Simulation
The commercial CFD software, Fluent 6.1 (Fluent Inc., 2005) , is used to model biogas production from a plug-flow digester. The mesh of digester geometry is generated by Gambit Solve the governing equations (15), (16), and (22) by activating energy and species equations without flow and turbulence equations, since the fluid (liquid manure) flows at low velocity in plug flow digesters. The first order upwind scheme is used to discretize the governing equations, which can be solved by SIMPLE (semi-implicit method for pressure-linked equations) algorithm (Patankar, 1980) .
Model Validation
In this study, the model predictions were validated using experimental data published by Gebremedhin et al. (2004) . The digester dimensions, daily manure flow rate, hydraulic retention time and ambient temperature used in the simulations, and the measured (Gebremedhin et.al., 2004 ) biogas production are given in (Figure 2 ). The convergence criteria were set to be: (1) that residuals of species is < CO increased gradually from the inlet to one-sixth the length and then remained unchanged up to the outlet.
The temperature profile within the digester is given in Fig. 6 . The inlet temperature is 305K 
Conclusions
The following conclusions can be drawn from the study:
(1) A comprehensive literature review on modeling biogas production from anaerobic digestion was conducted.
(2) A general three-dimensional numerical simulation model that predicts biogas production from plug-flow type digesters is developed. The model is based on the principles of mass conservation, energy balance, species transport, and chemical reactions. 
